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I. INTRODUCTION

. The p_rpose of this trade study is to provide =_tntainabiliry input

to the reference-engine definition. Although the maintainability program

will continue for the duration of engine development, the effort under

Trade Study 1003 was limited to support of engine defi ition dur[,_g the

second quarter of Contract Year 1970.

The space maintenance system, when _elected apd defined, will affect

the cost of component maintenance, and will have a major effect as to which

level of assembly (stage, engine, component, or part) replacement n_lintenance

capability should be provided from an overall program cost standpoint. To

partially compensate for the current lack of knowledge as to how the NERVA

engine will be maintained in space, feasibility concepts of potential space

maintenance m_thods were examined, and effects on engine design were

evaluated and provided for when maintainability obviously benefited _sithout

severe detrimental effects on weight, reliability, or cost.

Future maintainability design changes resulting from additional

knowledge gained as the program m_tures should be relatively mlnor.

1975069904-005



II o 0_ J_._TI_VE

Provide =3'nta£nabtlity input to reference-engine def_£nit£on by

February J.6 1970.

B. D_.'CAZL

I. l)eter_Ine from a cost-effectlveness standpoint uhether or not

the engine should be replaceable on the nuclear ferry vehicle and whether

or noC the !ower enitne nodule (consisting of the pressure vessel, reactor,

nozzle assembly, c.nd skirc) should be replaceable on the engine.

2. Determine vhich components should be _inCa£ned and the

degree to which conponencs should be uodu£arized.

3. Provide maintainability guLdelinu for engine and component

conftsuracion ehac rill optimize maintainability vLch ocher engine parameters

within the constraints of schedule and available data.

t_
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III. SLr_._f._IZED RESULTS ,_\tD CONCLUSIONS

A. The current engine design should provide for replacing all valves,

actuators, and turbc_achinery through maintenance actions.

S. To simplify replacement operations and reduce the number of Joints

add connections components are to be integrated into related modules.

C. The capability to replace the engine on the vehicle in space

appears to be the most important maintenance capability to be provided

because the resulting extension o£ the nuclear ferry life affords significant

opportunities for reducing program costs. If the vehicle concept wherein

prol_llant tanks delivered to orbit by the Earth Orbit Shuttle are then

combined into a module of tanks that become part of the nuclear ferry is

chosen, a type of engine installation on the ferry would be required after

each mission. It may also prove _ore cost effective to change engines to

accommodate the different shielding requirements of manned or unmanned

missions than by modifying the shield configuration of an engine mounted

on the vehicle.

The capability to replace the engine must be accounted for in

designing the engine-vehicle interface end must be provided for in the

space support equipment and facilities. Major cost expenditures would be

justifLed to achieve fast, simple on_ine replacement. Detailed design

of the engine-vehicle iaterface need not be shown on the current reference

engine, but the requiren_nts must be recognized and, early in the program,

total coordination of this design with the space equipment and facilities

be e£fected. The ensine probably should be replaced on the vehicle

remotely. Engineering evaluation is required to determine what capability

should be provided by the vehicle and what should be provided by exterual

space support equipment.

D. It is not cost effective to maintain the engine to provide an
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extended life by replacing a nodule containing the reactor on the rest

of the engine, as the program hardware cost reduction does not appear to

exceed the cost of providing this rmintenance capability. A special separation

plane dividing the engine into an upper and lower engine module should not be

provid,_.din current engine design.

E. ];aintainability guidelines for engine and component configuration

design were developed by considering nuclear engine maintenance during

ground testing, maintenance on the launch pad, and maintenance in space. These

guidelines emphasize easy replacemert of components and are listed as follows:

I. Arr4nge components, piping, electrical h_rnesses and

structures to provide more than norma_ accessibility.

2. Avoid loose parts during replacement activities by designing

so parts are captive to the item being removed.

3. Provide for simplicity of motions and attachments in

designing replacement capabilLty. For example, use single axis motion to

separate and install items.

4. Keep separation and replacement loads as low as practical.

5. Where possiblej avoid a requlrement for special equipment

or tools and minimize through standardization the number of different tools

required to accomplish maintenance operations.

6. _{Inlmlze the disturbance of parts or components that are

not being replaced. _

7. Design for maintenance actions in space should consld_r

the problem of excessive shock loads that could result from the initlal i,

, 4

°-° ,_
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I

[mpact of floating masses as replacen_nt items are brought to the next

. assembly for installation. Provislon._ mu3t be rqade to avoid contact at

azlangle or contact at significant velocity.

8. l_en practical, incorporate Methods of easur[ng precise

alignment into the design of mating parts. For reDlaclng the engitle in

space a method such as cascaded guide pins will be required to effect gross,

close, and precise allgiLment as the engine is brought to the vehicle

for i_stallatioa.

5

!
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IV. T!.ICItNICAL ])ISCUSS£ON

A. PRELIMIN\XRY IL_I_;TAINABILITY (_i)REQUIRE:'IE_S

The maintainability requirements that were used as the basis

for this study are those defined in the NERVA Program Requirements Document

(NPRD), Release No. 6 dated 21 November 1969, and those transmitted by

Technical Directive 70-15. The maintainability requirements specified in ,:

the NPRD are quoted as follows:

/

(a) The engineshall be designedand constructedto meet

the followinqrequirements:

(1) All mission-criticalcomponentsexternalto the

: reactorpressurevesseland nozzlewill be _aintainableby repair,replace-

ment or substitution(switchingor redundancy)beforeand a_teroperations.

Trade studieswill be conductedto Investigate:(a) the extenttowhich

modularversusindividual-cmlponentdesignsaffectreliability,maintain-

abilityand performance(includingweight);and, (b) the extentto which

remoteor directmairtainabilitywill be employed.

(2) Suchmaintenancevlillbe achievabledurinqnon-
\

operatingperiodsin the mission.

(3) All mission-criticalcomponentswill be capableof

functionaland electricalchecksremotelyafterengineassemblyor engine

maintenance.

(4) It will be possibleto purge the engineby an _

externalsourceof inertgas priorto groundoperationor launch.

(5) The enginewill _e remotelyinstalledand removed

fromenginetestfacilities.

=

6
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' (_) Afterspace operations,(manual)maintenance_Ii11not

be requi;_ed in excessive radiation enviromlents.

(7) For the storageperiods,previouslyspecified,no

periodicroutineenginemaintenancewill be required.

(b) Trade-offstudies,concurredin by S_PO,v1illdetermine

the advisabilityof designingand constructingthe enginesuch that it is

replaceableon the stage;or that the reactor/pressure-vessel/nozzleassembly

is replaceableon the engine. The Trade-offstudiesshall alsoaddress

themselvesto the questionof disposalof these assemblies.

(c) A maintenanceprogramand programplan shallbe provided

in accordancewith AFSCll3lO-Iand AFLCII310-I. Thisprogramand plan

shallalso be in accordance_viththe followingsectionsof this /,!PRD:

(l) Page 18, Section(3) and Page19, Section(4):

, diagnasticinstrun_ntationfor failuredetectionand displayof information

in-flight:

(2) Page 21, Section(l):trend-dataprogram;and

' 4
: (3) Page22, Section(2):certiflcat,onof deliverable

hardware.

The planshallconsider,in addition,the logistical

requirementsof enginemaintenancein earth orbitor elsewherein space.

(d) Utilizationof maintainabilityconceptsmay be necessary

to achievethe requiredraliabilityover the endurancestatedin

Sectionlll.B.l.b. However,malntainabilitywillnot be used as a substitute

for reliabledesign. The maintainabilityprogramwill be developedto )

7
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extend _t_•_.,eresults of the ,'ellability desiqn process described in

Section III.B.8 to aid, ,.merenecessary, in achievinq the reliability

require,ler,C.

Technical Directive 70-15 augments and supplements these JPRD

requirenents, and these _wo docu.-:.entsestablish the maintainability require-

ments for this trade study.

B. :_INTENANCE COXSIDER.ITIONS

Concepts for maint_inlng the h_RVA engine during ground testing,

on the launch pad, and durinB the operational phase f % space have been

_mamlued from a feasibility standpoint to identify design requirements

that should be Inalud_d as part of the reference engine, l_intenance

experience applicable to ground-testlng the N_RVA engine was acquired

during the technology test progr._m, and test-slte maintenance facilities,

equipment, and technical capability were proven at the Nuclear Rocket

Development Station in Nevada. Extensive malptenance experience applicable

to N_RVA launch-pad operations has been acquired o_ liquid and solid rocket

engines prior to launch at Cape Kennedy and Vandenberg, AFB.

The NERVA engine on the launch pad will not have been operated

at any appreciable power; consequently, without the accompanying radiation

environment, all rocket laundl experience becomes applicable. Little or

no _perlence is available that is applicable to nmintalning a nuclear

rocket engine in the radioactive, hard-vacuum, weightless environment

of space; and because space _llntenance methods may requir_ additional

consldera=ion tha= could affect early design of the engine, this study

will mainly concentrate in this area.

I. Maln;enanse in Space

a. Introduction

i

8
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: ,_?ethods for mr,intaining a nuc]__ar engine in space have

, not yet been established, and the concepts are in their Infancy. ".any

studies of :_umerous alternatives ,must be completed before a space

r._aintenance system is sufficiently defined to optimize an engLne configuration

for r_i_Lcenance with that system. The n_in questio._s affecting enooine

design to ba resolved as the engi_te and its pote-:tial space maintenance

capability are defined are (I) what to maintai,_ in space on the basis of

a reasonable determination of the overall costs vs overall benefit (cost

reduction) for providing a m._intenance capability at a specific lave[

of the assembl_ and (2) how to perform main_n_',.nce im space on the basis

of a determination of the ex=ent to which remote or direct maintenance

will be employed. Partial ans'aers to these questions have been determined

by a simplified cost logic together with a feasibility examinatlon of

space maintenance concepts to define desirable engine design features.

b. %_at to Maintain

For determining what to maintain, the decision

whether or not to provide replacement maintenance capability must be considered

at each of the following levels of assembly:

Level of Assembly

Level i Nuclear vehicle

Level 2 NERVA engine

" Level 3 Module of engine components

t

Level 4 Engine component

Level 5 Engine component part
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To replace at one of the above listed levels of asse=bly

constitutes a re._airof all the higher levels. Al_o to replace at a given

level does not t:liminate the option of subseqv_nt repair and return to

service of that item.

The cost of in s-ace maintenance capability will be high

and cost conside_':tlons will determine the level of asse._bly at which

replacement ca?ability will be provided. P_placement is made at a specific

level of asse--bly to extend the life of the hlgher-level assemblies and to

reduce program, hard-aare cost. Providing replace=ent capability at a level

of assembly is justified when the total cost of the capability is less

than the reduction in hardware costs.

P_r&¢are costs with and without replacement maintenance

¢ap=bility are conveniently co_Lpared on the basis of hardware costs per

mission. A rcductlon in hardware cost per mission due to replacement

capability can be nutliplied by the number of missions in the program to

deternine the m_ximum amount that should be spent to provide the replace-

meut capability. 1lie hardware costs per _ission depend on the cost of

hardware delivered to space and the expected average number of missions

(N) that may be accomplished while operating at a required level of

reliability. The term mission, as used here, represents an average of the

nuclear shuttle missions in such ter_ as power cycles, burn ti_s,

duration, and months in space. For the purpose of this study, the lO-hr

duration requirement for the engine expressed in the NERVA Program

Requirements Document is expressed in number of missions as follows:

The lO-hr engine duration is equivalent to ten missions

(1 hour = 1 mission). The operational engine in spac_ will be utilized

approximately one mission per month.

A formula for determining hardware costs per mission

through the 4th level of assen_ly is sho_ in Figure 1. The 4th level ii_.

10
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involves mission critical con._onents a.ad the for=uka truly be _xpanded to

cover tile 5th or Sth level of assembly if desired. This for..-..ula is .lnalyzed

as follows :

(I) Analysis of the formula

(a) :;ur.berof Spare Items

The factor _"Higher Assembl_ - is common to

_NItem

all ter_s but the top level of assembly. NItem and Nliigher Assembly are

:' the expected mean nu_er of missions of the item or the higher assembly

respectively, that will be accomplished while operating at the required

reliability before replacement maintenance is required. The factor represents

the number of spare items required if the item is to be replaced through

maintenance actions to increase the mean llfe of the higher assembly. As

the higher assembly always includes the item, the number of spares is

equal to the total number of items needed, NHigher Assembly, less one.

NItem

!s
The total number of items required ,'Higher Asse=bly'imust be a whole number.

\Nltem-
/

If N._ext Assembly is equal to NItem the factor

i"_Next-- Assembly -__ becomes 0 m_d the term drops out of the equa-ion. Also

_Nltem ]

if NItem is greater than NXext Assembly, the factor becomes a negative

fraction indicating the value of the unused llfe in the original item when

the llfe of the next assembly expires. This situation is similar to that

for the llfe left in a fuel pump or radio when the life of an automobile

has expired. Since any new higher-level assembly will contain new lower-

level assembly items, it is assumed that there will not be recoverable

value in the remaining operational llfe of component parts after the life

12
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of the hi_ler-level assembly expircs, lherefore, when the factor is

equal to 0 or a negative fraction, the cost of spare parts will be

consldered equal to 0 and the term will drop out of the equation.

_TE

Without maintenance action, N for higher assemblies can never be

greater than for any one of its component parts.*

In contrast, N for a hisher assembly may be increased throuah

the maintenance action of replacing mission-limttin8 ice_s at any lover

assembly level.

Al1 terns drop out of the equation except cb_ first tern and the

terms for items that w£1l be replaced to extend the Life o_ hisher

assemblies.

* IhJdundant component parts are cm_Ldered u one item in this etatemeut.

t3

• _ i " |
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(b) Reliability, Mean Time Between Failure (MTBF),

and Mean Time Between Mainteance (MTB_M) -.

Table I provides a preliminary listing of

reliability and u_an-tlme-bct,_een-failure data (Reference 9, Table 2). A mean-

time-be_._een-failures (NTBF), based on random distribution of failures, is

shown both as predicted for the current state-of-the-art and as projected to

the ti_e when reliability goals are attained. NTBF based upon random distri-

bution of failures (constant failure rate per unit time or per mission) cannot

be used to schedule preventive maintenance because the probability for success

per unit time or per mission does not diminish with time, and nothing is gained

by replacing unfailed items. The items which exhibit random failure rates

must be designed for the projected mean-tlme-between-faitures shown In Table [

where the probability of falture is acceptable or in sinKte or muttlple

redundant 8roupinss which provide an acceptable probability of failure.

Corrective maintenance may be performed on failed redundant item5 prior to

the next mission, ltouever many coe_pouents will have a lower true NTBF (not

shown in the table) because of the effects of wear. These consonants will

have to be identified and their true NTBFs will have to he determined. Trend

data on these components as determined durin 8 the test phase viii establish

their true NTBF. On the basis of these date, the requirement for preventive

maintenance of the item viii be esutbtlshed by one of two methods. In the first

method, diasnost/c inatru_ntatton wilt he selected and used durin8 the opera-

Lionel phase to reseller wear and predict when maLnten4nce must be accomplished.

By this means teptacement ts affected only after the couqponent has bc._n

used to amximm life conditians. In the second method, where it is n_t

practical to monitor truer, statistical replacement may be scheduled at the

scull fraction of the war eat Life which is consistent with the

reliability requt_amnt,. In either case the value of II ia the formula

would be the moan mmber of missions bet_en replaceuent minteunse. For

exaupte, the nuclear 8ubtysten has been tested duriu 8 the technology

prolram. Om unit we tested for a l-hr duration, and other unite ware

tested for shorter durations. For exaupte purposes, assume that current *
i

Ltb
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state-of-the-art predictions would place HTBF due to wear out of this

: subsystem in the neighborhood of 3 to 5 l_ours. The projected "ITBF for

the "_'SSduring the oFa,:ational phase might still be 3 to 5 l_ours or might

be i0 or 20 or more hours if a major breakthrough is possible and if the

cost of this breakthrough is cost effective and within the funding

constraints. In subsequent paragraphs, where this formula is ,_pplied to

establish the lowest level of assembly that should be provided with

replacement capability, it was assumed that the Mean Time Bet:each ,_taintenance

(N) was i0 missions for this subsystem,

(c) Redundancy and Mean Time Between Halntenance

Redundancy is used to increase the reliability of a

co=ponent or system. This occurs when the redundant ccmponent is brought

on stream with the failure of the original component (passive or standby
<

redundancy) or when both components are on stream at all times and it takes

a failure in both components to abort the component operation (active

: redundancy). Redandancy is being applied to the majority of components on

the NERVA engine that are not part of the basic structure or the pressure

vessel and nozzle. This redtmdancy is highly effective by increasing the

probability that the engine could complete either a single mission or a

group of mlsslons wlthou= mission failure. However, if it is defined that the

failure o£ one component of a redundant pair of components represents a

system failure that requires corrective maintenance prior to _he start

of the next mission, the probability for completing the lO-hour engine life

without maintenance is actually less than for the case where a single

non-redm_dant component is utilized. This causes a corresponding reduction

in :,[TB,_[ (N).
e

(2) Application of the l_rdware Cost Formul_

When tho mean time between replacement, expressed as

N in the cost formula, is established fo_ each c_ponent and the total cost

for various maint,,nance capabLlit_es in sp_e Is est_ated with some degree
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of accuracy, it will be possible to estimate the cost effectiveness of

maintenance at each level of assembly, llowever, with current knowledge

and utilization of the logic contained in the preceding paragraphs, it is

possible to make some assumptions and determine how much might be spent

for maintenance capability - or for design breakthrough - and still be

cost effective. The operational-hardware cost-per-misslon formula (Figure I)

provides a method of determining the cost effectiveress in deciding

whether or not to provide replacement maintenance capability for an item

at a specific level of assembly. The reduction in hardware costs per

mission can be determined by comparing the alternative of providing

replacement capability with the alternative of not providing replacement

capability. The reduction in cost per mission multiplied by the number

of program missions determines the program hardware cost reduction resulting

from that specific maimtenance action. After a portion of this amount is

used to provide the r_placement capability, the remainder represents

program savings; or, as program savings approach zero, the amount represents

the maximum total cost for the maintenance capability chat remains cost

effective. The formula may be used to answer the following types of

questions.

Question I What is the program operational-hardware cost without maintenance? _

Answer Without maintenance, all terms except the first drop out.

Program hardware cost = number o£ missions X -ost of vehicle in space .

Nv

Question 2 _at im the program operational-hardware cost if capability is

provided [or replacin4$ the engine on the nuclear f_rcy in space and this

capability extends the life of the vehicle from NVI , (unmalutained) Co NV2
(maintained)?

?

18
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cost of vehicle cost of en_Lne

number of missions X _ _2 + NV2 NE - .

Question 3 Wl_at maximum cost-effective amount could be spent as the

total cost for providing this engine replaceme,%,_ capability?
i

Answer Answer to question i less answer to question 2; and, since

NVI (unmaintained) is equal to or less than NE, the program hardware cost

reduction = number of missions X {Cost of vehicle - cost of engine - i .

[

Question 4 _at additional maximum cost-effective amount could be sent

as the total cos= for providing replacement capability for the engine's llfe-

constraining component (mean time between replacement = Nc) if this extends

the llfe of the engine from NE (unmaintained) _< Nc to NE2 (maintained) _> NV2?

Ans_we__r Program hardware cost reduction =,

_Cost of en_ineT cost of component (Nv._2 }

number of missions X| N N - i .

V2 c

Tilecost formula (Figure i) was used as expressed above for the cost

evaluation of four alternative space maintenance concepts to determine what

19
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should be maintained in space. These four concepts are shown and defined

in Figure 2. Tables 2, 3, and 4 present the data _nd source of data used

in applying the formula. The ccst data are summarized in Table 5, and

the _our concepts are compared and discussed in the following paragraphs.

For the reference case, Concept i, it Is assumed that the nuclear

ferry has a 10-mission life and is not maintained. The assumed 500-

mission program utilizes 50 nuclear ferries. Hardware cost for the program

is $9,000,000,000.

/

For Concept 2, it is assumed that, for _L uLLspecified additional cos= _

for =he capability, a 10-mission-life engine may be replaced on the nuclear

ferry vehicle and, with vehicle maintenance, the nuclear ferry life may i

be extended to 20 missions, Thus, 25 nuclear ferries including engines _:

twith 25 spare engines cam accomplish the 500-misslon program. Compared

with Cor_cept I, the program hardware cost reduction from Table 5 is

$4,157,000,000. _is is the maximum additional cost for obtaining this

capability that will result in a savings =o the overall program. Table 6

presents similar breakeven costs for _he additional capability when successive

engine replacements are made to extend the nuclear ferry llfe beyond 20

missions. From the engine standpoint, this is an extension of Concept 2

with no additional effect on engine design, but it indicates an area for

worthwhile investigation for programmatic savings.

For Concept 3, it is assumed that, for an unspecified additional

cost for the capability, a iO-mission-life lower ensine module consisting |,

of the nuclear subsystem, nozzle and nozzle extension may be replaced on i_
the e_ine and, with maintenance, the ensine and vehicle life may be extended j

to 20 missions. Thus, 25 nuclear ferries £_cluding the engine and 25 spare

lower engine modules consigtinS of the pressure vessel, reactor, nozzle

assembly, and nozzle-skirt extensionwould be utilized to accomplish the _:

500 missions. Again from Table 5, the reduction in progrmuhardware costs }

2O
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: COST CONt; [DERATIONS

,. SPACE MAINTENANCE CONCEPTS

i

;

: ! ?.

• t .

I

\ \ •

/___

" f ---

"

t

I

I

Reference Case Replace I0 Mission Replace l0 Mission Maintain Vehicle
I0 Mission Life Engine and Maintain Lower Engine ModuLe and Engine to

100% Successful Vehicle to 20 and Maintain 20 Mission Life

No Maintenance Mission Life Vehicle and Upper

Engine Module to
• 20 Mission Life

FIGURE 2 ,.
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TABtE 2

REFERENCES USED AS SOURCE OF DATA

Reference (i) NERVA Program Requirements Document

Reference (2) Technical Directive 70-15

Reference (3) Letter SDB;JJF, R. W. Schroeder to A. L. Feidlman, Subject
"Answers to AGC;s Maintainability Questions", datedt

November 28, 1969

Reference (4) Letter SI-I063, A. C. Sanderson to J. L. Dooling, Subject

"WL_L Input to AGC Trade Study 1003" dated December II, 1969

Reference (5) l{ardware Unit Cost Developed for RN-DR-OI88, Entitled "Cost

Data on Long-Range Program Plan for Full-Flow Engine" dated
December 1969 (Costs are based on current "nbor and material

rates)

Reference (6) S047-CPO90290-Fi Mass Properties Analysis Report, Dated
2 February 1970

Reference (7) Memo 7830:5159, T. E. Lavenda to Distrlbu_ion, Subject

"Preliminary Nuclear Vehicle Performance Estimate for Mission A,
Reusable Interorblt Ferry (Hydrogen Capacity 300,000 ib),
Dated 6 November 1969

Reference (8) Review of NERVA Radiation and Shielding Studies, Briefing for

Dr. Wernher VonBraun and Dr. Edward Teller, Dated 20 Sept 1969

Reference (9) Memo E. J. West to R. W. Froelich, 7850:M0497, dated 16 March 1970,

Subject: Reliability Apportionment of Current Reference-

Engine Concept

Reference (lO) Memo 7410:0002, R. L.Rishel to J. J. Stewart, dtd 18 December

1969, Subject: Payload Sensitivity Factors for NERVA Reference
Missions

Reference (II) Memo 7831:6246M, J. C. Courtney to W. E. Stephens/A. D. Cornell, dtd

Attached 25 March 1970, Subject: Estlumte of Post-Shutdo_n_ NERVA Radiation
Appendix A Environment
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1"ABLE 3

EHG[NE COST & t.:EIclrrDATA

Ifl-H COST "-.'EIGHT,Ib

• Co:.t of Lo'#er Engine l-lcdule

i (3)Reactnr & ¢,mtro1-Dru;_ Actuators $7 ,293 ,000!_ ) t3,6 0...

li2,0005f.) 600i:)i
Pressure Vessel and Closure 74,000 f'z) 1,743. 3 .

:8,082,000 i 7_,F_t J

Cost of Upper Engine Hodule

z (z)
Support-Structure Coolant $ 248,400/_.
Propellant Feed System I,298,000_Z.}

Stage Pressurization Valves 21,600_. _
Thrust Structure 205,700,'Z. }
Gimba[ 248,600 tz)

12,022 )000 8)356 (3)

External Disk Shletd $ 57,tO0 (2) 10,000 (3)

NERVA Engine $10,160,000 (2) 35,754 (3)

(I) Reference No. _ (The cost of the reactor used here does not £nclude
reactor assembly and inspection costs.)

(2) Refere.ce No. 5

"l

(3) Reference No. 6
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TABLE 6 Page 1 of 2

SOURCE OF DATA USED TO

COHI'ARE SPACE :-t-kltlTE?;M;CE CCNCKPTS I, 2, 3, & 4

ITL--xl VM,UE SOURCE

Nuclear Vehicle Usage Information

Operational Phase 1980 through 1995 Ref. 3
Number in space at given time 1980-1984 3 H_x, I min Ref. 3

I985-1989 6 n:ax, 3 min Reg. 3
1990-1995 10 max, 5 min Ref. 3

Nu_,ber o[ engines consumed 1980-1995 66 r_ax, 33 min Ref. 3
Nu_,ber o[ missions 1980=1995 500 Assumed

(Based upon assumed 50 engines consumed @ 10 _issions pec engine)
Individual engine operational usage t hour/month Ref. 3

o

Nuclear Vehicle Data

Cost of delivery to earth orbit $150,000,000 Ref. 3
Cost on earth (including engine) $ 30,000,000 Assumed
Cost in earth orbit $180,000,000 Derived

Reliability for 10 missions .990 at 90Z prob. Assumed
Payload outward bound 141,500 Ib Ref. 7
Hydrogen £apacicy (total loaded) 300,000 lb. Ref. 7
Payload outward bound cost of delivery $500/1b Ref. 3

Earth-to-Earth-Orbit Shuttle Data

Payload weight 50,000 Ib Ref. 3

Payload envelope 15 ft _ x 60 ft long Ref. 3
Payload cost of delivery $100/lb'-" Ref. 3

NERVA Engine Data

Reliability .995 at 90% Prob. Ref. 1
Cost on Earth $10,160,000 Table 2
Nei3ht (including external disk shield) 35,754 lb Table 2
Delivery cost to earth orbit _3,570,000 Derived

, Cost in earth orbit $13,735,000 Derived

Lower Engine Hodule (consisting of pressure vessel, reactor nozzle assembly and
nozzle skirt extensior) ' i

Cost on earth _8,082,000 Table 2 !
Neight -'t7,398 lb Table 2 "
Delivery cost to earth orbit $1,740,000 Derived
Cost in earth orbit $9,822,000 Derived

(l) Reference 3 provides an estimate chat earth-to-earth-orbit shuttle payload
costs will be $100/lb in 1980 reducing to $50/1b in 1995. $100/lb was assumed
for this comparison.
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TABLE 4 Page 2 of 2

ALTERNATIVE.NUCL_G_R-VEHICLEDATA (BASED ON EOS DELIVERY TO ORBIT)

s

Dry weight 88,500 ib Ref. ?

Cost on earth, includlng engine $3N,000,000 Assumed

Cost in earth orbit $38,350,000 Derived
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:_!_1_*_ _ct_=_d {or c.q_ _c._L ,_r_lr,_. _or _._**_, II 111_cocci

:r_,._q _re _,c l_cod ac IG_ _t_£o:_ [.sl_d _( _ a_Lsltons, the era=bar

L= ._cu_lly r_lutr,d ac ch_ _n_t_-wh£cl_ L_tcr_ac_ Co provide capability

.'or cl_ octG/_al 4_Sb_ _nsc_tl_tlon, tha _;_tr_tlon plane b_tc_uen _he

to_r _nlt.e and .p_r enst_ is s s_co,_d ser_r_cto._ _nd roqutras addlct©_aI

_oinC_ _nd connections In _I_ _14ctrtc,_l control and In_m_an_at£o_

_tr/u_, in ,:he ?ITL,_l, and In scrucr.ur.',_ 4l_Cs of cl_ saltine. The coat

O_ ¢_;_'._bI].lCy, vh,Ich af[O-C_ [ho 4cm1_._£c trade-sir[ of _sl;|l_r sir uot

to provide this ,s,_cmsd.ep._r_ttoo pta.a, tncIud_ _h_ follo_tns Ito_m:

(I) Any delir_JactonoE _nlIine_ollabtltcy r_eulcinS l_rom

_ho ;;ddt_io.als_#ar=tton _laue.

(2) Any s-ltsh_ t_¢r_asa _nd eorr:spo_dtns payload loss resul_ins

from _h_ additional ssparatto, plane.

(3) Any dosrad_lon o1_parforuance and corraspomltnS payload

decrease as a resul_ o_ _ho :_d_L_tonal saparacLon plan_. ,_'--
!.

I
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(4) The cost of providing 20-mis_ion capability to the

c¢_io_:unts of tile upper engine module, includitxg:

(a) Development through qualification i

(b) Cost of space maintenance replacement capability

(5) Cost of the additional sepa=ation plane oa the engine.

(a) Design and fabrication

(b) Development through qualification

(6) Cost of space capability for replacing lower engine

Information is not presently available for estimating the above

costl _Ith any reasonable accuracy. See Table 7 for the preliminary llst

of trade-off factors. These costs, when subtracted from the $98,000,000,

could leave a remalnder that would represent programvmtic savings. Any such

savings would accrue to the program du=Ing the acquisition phase in the

lat_ 1970's and 1980's, but some of the costs for obtaining capability to

replace the lower engi._e modules would occur during the development phase "

in the early 1970's. Therefore, it is doubtful that a separation plane

dividing the engine into a lower engine module and an upper engine module

will be desirable. It is inadvisable to expend a large sum of r.oney to

accomplish this capability in the current time perlo d. ._ :

For Concept 4, it is assumed that, for an unspecified additional

cost of capability, all engine components are malntainable by repair or

replacement and that such maintenance of the engine would result in an

extended llfe of the engine from I0 to 20 missions to match the maintained

20-mission llfe of the vehicle as assumed in Concepts 2 and 3. Thus, 25

29 _

• , : t O_

1975069904-033



= !

TABLE 7

PRELIMINARY TRADE-OFF FACTORS

. (BASED ON COST PER HISSION)

I. Cost of delivering payload via nuclear-vehicle sh,Jttle (based on

reference case of 141,500-ib outgoing payload and 300,000-1b LH2

per mission).

Cost Per Payload Cost
Mission Increment

Cost Item ($/Misslon) ($/Ib Payload)

IIardware cost of 10-mission nuclear ferry 18,000,000 127

in space at $180xl06--Concept l

! Propellant cost of LH2 at 300,000 ib/ 30,000,000 212
mission at $100/Ib

Cost of operating crew ? ?

Cost of support (ground and space) ? ?

Amortized cost of engine development 3,000,000 21
until launch/500 mission

Amortized cost of vehicle development ? ?
until launch/500 mission

Total payload delivery cost/mlsslon $500/Ib
(Government estimate - Reference 3)

2. One pount of engine dry weight increase = 2.72 Ib of payload decrease
per mission (Reference lO)

[

Cost = $1,360/mlsslon.

3. One point of steady-state specific impulse (Isp) decrease - 734 Ib of
payload decrease per mission (Reference I0)

Cost - $367,000/misslon.

4. Decrease in reliability due to design for maintainability vs increase

in reliability resulting from the capability for maintenance durfng

the 10-hr-duration requirement. This to be evaluated on indlvidual-case
basls. '_,0
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nuclear ferries includi.8 25 engines ;_u!,d ,_ccompltsh the $O0-mtssion

program. From Table 5. the red.ctDm in program hard:,_re costs c,'np._red

with those for Concept I could I_e as _reat _ts $4,500.000,000. this

represents the program _avings that _utd occur if the unr_ivtained nuclear

" ferry with a lO-n_tsslon lice of Concept 1 xeere changed, without any _tddittonal

cost for capability, into an unn_intained nuclear ferr/ w'_th a 20-_tssion

life. Because the cost of n_intenanc_ capability is not included, this

represents an unattainable maximt_3 cost reduction that ,,tight result from

repairing the replaced engine by providing replacement capability for the

engine components. Concept 4 becomes identical with Concept 3 uhen the

assumption is rode that it is a lO-misalon-life reactor that must be

replaced to extend engine life to 20 missions. Also, Concept 4 approaches

Concept 2 if additional engine components require replacement to attain

the 20-mission engine life. If for example the maintenance associated with

Concept 4 should entail replacement of the TPA and the lower engine moduel,

the difference between Concept 4 and Concept 2 would only be $52,000,000. This

value is $46,000,000 less than the _98,000,000 difference between Concept 3 and

Concept 2 discussed previously. This cost difference was generated on the basis

of the estimated cost of the spare TPAs delivered in space by earth-oribit

shuttle.

An additional cost-analysi_ facet to be considered is the possible

savings that could result from the capability of being able to replace a com-

ponent that has experienced an infrequent random failure. Such failures will

occur when reliability is less than 100Z, but the probability is quite bmell

that a specific component of the _RVA engine will fail within its normal life

cycle at any time during the 500-mission operatioral phase of theflight program.

If the lower engine module as discussed in Concept 3 is used as an example, the

cost of a spare unit delivered to space would be $9,822,000. The difference

between this figure and the $13,735,000 cost of a complete engine delivered

to space is $3,913,000. This amount represents the hardware savings that

would result only if the unfailed hardware still retained operational life

equal to that of new hardware. In a similar example, if the TPA were the

3l
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component that ezperlenced random failure, the difference between its cost

of '._[,6000,000delivered to enrth orbit and the colr.pl_teengine cost of

_13,735,000 is $12,L35,O00. Recause the cost of s-ch _..lintenancecapability

in space would be h,_,:dredsoE mll lions of dollars, the above values show

that, even if three or follr such failures were to occur during the entire

fllgl_¢prograr_, it would not be cost-effectlve to provide engine maintenance

capability beyond that of replacing the complete engine on the stage.

However, as discussed later in this report, the ability to replace

components in the upper module would be worth the cost of maintenance on

the launch pad and during the ground test program. On the launch pad, com-

ponent replacement capability might permit local maintenance instead of

requiring disassembly of a complex array of stages. Before reliability goals

are achi_.ved during the ground test program at the Nuclear Rocket Development

Station in Nevada, the ability to replace a component represents significant

savings as compared with discarding a ct_mplete engine when random failure

occurs, especially when existing maintenance facilities such as the E-HAD

building are available.

The incremental effect of hardware costs on payload provides an

interesting perspective on the value of providing replacement capability at

the dlffe_ent levels of assembly. On the basis of an outward-bound payload

capability for the nuclear ferry of 14_,500 lb, the cost increment due to

operational hardware cost in Concept I is $127.00/Ib. This is reduced in

Concept 2 to $68.40/Ib, in Concept 3 to $67.10/Ib, and in Concept 4 to $63.60/1b.

' Excluding the cost of component sp_res and replacement capability, the maximum

! reduction in payload cost that is available from repairing an engine is $_.80/tb,

which is the difference between Concepts 2 and 4. The total cost of delivering

outward-bound payload is approximately $500.00/Ib. It is apparent in comparing

these two numbers that only a fractional percentage of program cost reduction

is potentially possible by maintaining the engine beyond replacement of the i

engine on the vehicle.

!,

The cost figures discussed in this section are based on a vehicle

delivered to earth orbit by the Saturn V system at an estimated cost i
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of $150,000,000 (see Table 4). The total in-space cost of $180,000,000 was

obtained by adding $30,000,000 as the as_ulmd vehicle cost on ground. If

: the eventual design of the nuclear vehicle permits earth orbital shuttle

(EOS) delivery of the nuclear vehicle to earth orbit, the comparable cost

of the vehicle in space _:ould be approxl_m_ely $39,000,000. Although this

reduction would change the cost numbers presented in this section, it would

not affect the conclusions.

For example:

Assuming a 500 mission program and EOS delivery of the

nuclear ferry to earth orbit, the unmaintained lO-mlssion ferry of Concept I

would have a program operational hardware cost of $1,950,000,000.

Replacing the lO-mission engine onthe ferry and providing other

vehicle maintenance as required to extend the ferry life to 20 missions

(as in Concept 2) results in a program _irdware cost of $1,320,000,000. The

reduction in hardware cost of $630,000,000 appears to be sufficient to justify

the provision of capability for engine replacement.

The cost of delivering the nuclear ferry to earth orbit

does not affect any decision of whether or not to provide additional maintenance

capability to the replaced engine.

i

c. How Space Maintenance Could be Performed and Effect on Current

Engine Design

#

(1) General

Maintenance of the nuclear ferry vehicle and, more

specifically, the NERVA engine in space provides many new problems compared

33

1975069904-037



with maintenance on the ground. These probl,_ms stem from the space

environment of hard vacuum and weightlessness and the r_dlatlon environment

associated with a nuclear engine that has been operated. _an has always

been a major contributor in the performance of =aintenance actions on the

ground, and his contribution will be required in space. The solutions to

problems involved wi_h protecting man from the above environments will

determine to a large extent the degree of direct or remote maintenance that

will be utilized in performing maintenance tasks. The total cost of this

maintenance_ as discussed in the last section of the report, will influence

the planning decision to either _aintain or discard items.

The following types of maintenance capability are candidates
>

for accomplishing space maintenance actions on the nuclear ferry vehicle

and the NERVA ensine.

(i) Provide direct manual capability - space environment.

(2) Provide direct manu_l capability - shirtsleeve

environment.

(3) Provide human-operated remote capability.

(4) Provide computer-operated remote capability.

(5) Return defective item to earth for maintenance.

(6) Provide any or all of above types of maintenance

capability combined into a space maintenance system.

Undoubtedly, the last type of capability will be the

one chosen for space maintenance where the types of capabilities for specific

tasks will be selected on the basis of least total cost. This space
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: maintenance system will involve mote than the engine and nuclear ferry I

and must consider space maintenance requirements of the propellant handling

and servicing facilities, the earth-orblt shuttle, and the earth orbital

station. The design of =he space maintenance system that will eventually
J
• be made available in space may have a strong influence on engine design.

The types of maintenance actions to be accomplished in

space are listed as follows:

Ji

(I) Routine operational maintenance on stage and engine.

(a) Replenlshiag of propellants and refurbishing

of stage.

(b) Preoperatlonal checkout.

(c) Postoperatlonal checkout.

(2) Scheduled or Preventive Maintenance

Repair or replacement of time- or cycle depleted _

items.

(3) Unscheduled or Corrective _intenance ,,

Repair or replacement of items that have failed or

have indicated potential failure.

The following concepts, ccncernlng how these types of

maintenance ac=ions might be accomplished, have been examined so major

influences on engine design can be recognized and incorporated in the

defini=ion of the current reference engine.
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(2) Engine Space Haintenance System- Conceptual

In this section of the study, it is assumed that

capability for engine replaceme_._.ton the stage has been p=ovided in the

: design of the engine-stage interface so as to permit rapid replacement

(three days or less to mission readiness). By this maintenance action, the

mean time to repair the nuclear ferry by replacing any malfunction£ng part

of the engine in space will be the time requited to replace the engine.

l_is mean time to repair may be reduced if it proves to be cost effective

to provide additional capability in space or if rm_intenance by a man in

a space suit proves feasible. By assum[ng an operational event in space

: that requires maintenm_ce action and examining some of the alternative

methods of accomplishing this action, it is possible to establish a

preliminary definition of the capabilities required =nd determine how

: engine design might be affected if _ specific alternative were eventually

selected. This technique is used in the following portion of this report,

and the following methods for accomplishing sp._¢emaintenance tasks will

be discussed.

: (a) Propellant servicing concept.

(b) Pre- and postoperational checkout

(c) Utilization of _n in a ,_pacesuit.

(d) Haintenance actions involving engine replacement.

(e) Disposition of an engine removed from space service.

ii
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(a) Propellant Servicing q'_:_cept

b

& possible propeUa_tt servicing concept is defined by

• a_suni._g that _:_eea_:_'l-to-earth-orbit_'luttle (lOS) delivers propellant

to the space propellant station in al_proxinately !5-ft-dia by 60-ft-long

tanks (Reference 3). A number of the_a tanks (twelve are sho_alJn Fijure 3)

are use_ in ce::bin:Itioaas the servic_:-,Sduwar for filling the nuclear-

ferry tank in ._pace. ]_.ptyranks in the de_;arsystem are expected to be

re[laced by full tanks _:ithout interrupting servicing operations. The

whole system r,i_.lltbe rotated at very I_¢ velocity (approximately 5-ft/sec

peripheral velocity) so centrifugal force will supply pumping action _or

deli_'ering prc?ellant. It is assumed tha_.,after a mission, the nuclear

ferry will dock at this propellant station after cooldown flow to the

engine _as been terminated.

Five to tea nuclear ferries (Reference 3) may be in space

operation at a given time. In Figure 3, two of them are shown docked in

the propellant servicing area, with a flux map for 24 hr after shutdown

(Reference 8) _uperlmposed to indicate the resulting radiation field. This

flux map points up the problem of having personnel enter the vicinity of

more than one nuclear ferry or of working near the propellant servicing

area.

The purpose in showing this concept is to illustrate a

potential requ!rcnent for shielding the engine every time it returns from

a mission to be locked in space in the same general area with other engines.

Also, if the nuclear ferry is modified so that modules of these smaller

tanks delivered by the EOS can be used for the nuclea_ ferry tank rather

than a large tank requiring Saturn V delivery, replenishment activities

betweer_ missions will require radiation protection. Potent{a! use of such

a _h[eld to effect =_anual maia_enance on the upper en_tne vtL1 _e 4iscussed

| atero
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Ftgure 3 - Space PropeLlant Serv£cin8 CoucopC
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A valid requirement to provide shielding for the engine

in space _euld affect current design to the degree that component and piping

arrm_gements might facilitate or in'libit the capability of remotely

installing such a shield in a radioactive space environment. Thls possible

ruquirement would tend to necessitate (I) a regular outer surfhce where

a shield seal could be effected to isolate the reactor from the upper i
t

engine and vehicle and (2) an engine of reasonably compact diameter.

q

(b) Pre- and Postoperational Chackout

It is assumed that, before leaving the earth-orbital space

station on a mlssion, the nuclear ferry will be subjected to a preo?erational

checkout. The objective of the checkout would be final verification that

the vehicle and its subsystems were in complete readiness for the mission.

The checkout would also be used to verify satisfactory accomplishment of

any maintenance actions taken since _he lust mission. If needed, a post-

operational checkout would be made after a mission. This checkout would be

similar to the preoperational checkout except its purpose would be to

determine requirements for _intena_ce that were not defined during the

operational phase of the mission.

_ne primary effect on engine deslga would be the care

required in selecrlng and providing diagnostic instrumentation. These

requirements can probably be satisfied later during the engine development

program.

• (c) Repair or Replacement of Items by a Man in a Space Suit

• A possible maintenance action for a man in a space suit

is defined by assuming that a random-type failure has occurred on one of

two small, redundant engine components during a mission and that the nuclear
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ferry vehicle has completed the mission and returned to the earth-orbltal

base. _laintenance would be required prior to the next mission. (A vehicle

tankage maintenance requirement might be satisfied by this same approach).

Because of the low probability of this type of failure occurring, cost

considerations dictated that maintenance capability not be provided for

remotely removing the component module from the engine on the ferry.

[[owever, with portable shields used to reduce radlacion to tolerable levels

in the vicinity of the defective part, a team of technicians in space

suits could effect the replacement. In doing so, they would reduce the

down time of the vehicle that would have been required for engine replace-

ment and would make possible full use of the engine life.

In studies to date, provZsions for protection against

radiation hazards by shielding have been primarily limited to protecting

passengers and c_-ew members during the operational phase of manned mission=.

Preliminary studies (Reference ii, attached as Appendix A) have shown the

feasibility of portable shielding around the engine. Shielding studies

in greater depth are required to determine the types of portable shields

that will be required to protect men at the propellant depet, in the

vehicle crew quarters, and possibly in the orbital space station when

more than one ve|dcle is in the same vicinity. Similar studies are

also needed to detcrmlne if these shields or similar shields could provide

sufficient protection for direct manual maintenance of the engine or vehicle

: forward of the disk-shleld location. _[an's versatility in performin@

direct maintenance could greatly enhance the capabiligy f_r future

maintenance actions in space. Again, engine design would be affected to

the degree that component and piping arrangements might facilitate o_

inhibit the capability of remotely installing such & shield in space.

(d) Maintenance Actions Involvlug Engine Replacement

Maintenance actions involved with engine replacement are <
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defined by assuming that a nuclear _=ry vehicle has returned =o the

earth-orbltal space station _,'Itha faulty et,glne compo_lent and requires

rai_ttenance prior to the next r,lssh,'n. "l_e returning w'-hlcle is located

a -zufficient distance from the spa_:est_tlon =o ensure radiation protection

u::tilcooldo_,m flow to the reactor is shu= off. Bpace tugs then bring

¢u_ a portable shield and position i= around the reactor, a_%d the engine

is :emoved from the vehicle, and the space tug _akes it away for

disposition. Space tugs bring up and position the replacement enBine,

_¢hich is also encapsulated in a portable shield if radioactive; and the

engine is installed on the vehicle. The installation Is checked out to

de_ermine that it is satisfactory to go ahead with refurbishment of the

vehicle for the next mission. Final checkout of the installatlo s

conducted as required during the preoperatlonal checkout.

There is again a possible requirement for shielding an engine

• that has been operated, co protect pel'sonnel while disposition actions a_e

being taken.

The capability to replace the engine on the vehicle in space

appears to be the most im_ortant maintenance capability to be provided

because the resulting extension of nuelear-ferzy llfe affords significant
i

cpport_itles for reducing progran costs. If the concept is chosen wherein

propellant tanks delivered to orbit by the EOS are then combined into a

_oduJn of tanks that become part of the nuclear ferry, a change equivalent

to engine replacement would be required after each mlss_on. Also, it might

be more cost effective to make the shleldlns changes required between

manned and unmanned missions by repl_clng one type of engine with the other

rather than attemptlug to modlfy the shield configuration while the engine

is on the vehicle.

£he capability to replace the engine must be accounted for

in designing the englne-vehlcle interface and must be provided for in the
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space support equipment .-nd facilities. ,Major cost expendit-res would

be justified to achieve fast, engine replacement. Derailed design of

the engine-vehicle interface need not lie shown on the current reference

engine, but _he require,_nts must be reco_;nized a_d, early in the program,

total coordination of this design ,._iththe space equipment and facilities

must be ef£ecCed. The engine should probably be replaced on the vehicle

remotely. Engineering ev,_luation is t_:quired to determine what capabiEity

should be provided by the vehicle and what should be provided by external

space support equipment.

(e) Disposition of an Engine Removed from Space Service

An engine that has been removed from the nuclear ferry

will probably be either discarded or repaired, or may be held in a parking

orbit away from the space station to await disposition for discard or

repair. Some alternatives for disposition of such an engine are shown

in Figure 4.

¢

Engines will normally be removed from space service after

their nuclear life has been expended and will probably be discarded, But _

engines _y be held in orbit u_tt_l it is convenient to s_edule their

discard. These engines may possibly require shielding to protect personnel

duriu,_ handling operations, but there are no other apparent influences on

current engine design.

The decision as to whether or not engines that still have

valuable nuclear life should be repaired in space will depend on the
..

cost effectiveness of providing in-space maintenance capability. As

discussed earlier, the cost effectiveness can not be determined until the
i
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operational lives of all components are es_abl£shed and the costs of

space maintenance equipment and facilities are better defined. The

possibility that dlre,:tmanual .maintenance on a removed engine might be

feasible _,'iththe use of portable shiel_s must be further investigated.

This feasibility might be enhanced by fzrst a]lowing the removed engine

to cool do_m while in a parking orbit. Man's versatility, even irLa

_ space suit, for performing random maintenance tasks without large additional

costs appears very d_sirable. The possibility of performing space

maintenance operations manually would be facilitated by the application

to current design of the guidelines defined in the following section

entitled "Maintenance during Ground Testing."

The use of space maintenance service vehicle or facilities

to perform remote maintenance on the removed e_tglne is feasible, although

equipment and facilities that are versatile enough to repair random

component failures appear to be elaborate and expensive. Further

evaluation is warranted to assess such facilities from the standpoint of

growth potential. A requirement to design the engine so flanges, connectors,

and joints are provided that would permit space replacement of parts by

using present-day manipulators and their remote tools would drastically

constrain the design. Until the desirability of such a requirement is

definitely established, the designer should provide only for easy access

and basic simplicity of remote component removal to facilitate ground i

maintenance. If the desirability to replace a component or a number of

-_ components rerlotely in space is established in the future, the engine

: changes should be possible with minimum design perturbation.

2. Maintenance During Gro_%d Tostin_
t_

a. Maintenance e._perience in the Technology Program
!

Experience gained during reactor and engine testing _,
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in the technology progran is directly applicable to grouted test maintenance

of the NERVA engine. It is planned to conduct the NERVA reactor and engine i

ground =ests at the Nuclear Rocket Development Stations in Nevada, where i

maintenance facilities, equipment and technical capabilities were proved

during the technology program. Th_ following activities are representative

of the type of maintenance tasks performed i_ the technology program: i

(i) The illusion of nozzle tube damage on a fired reactor,

as noted by television viewing, binoculars and photographs was proved to

be caused by lighting effects, throug_i the use of a remotely applied

surface coating.

(2) A bird was remotely removed after it fell into the

up_ard fi=ing reactor of N_K/EST (an engine systems test).

(3) Three turbine-power-control-valve actuators were

manually replaced after partial power operation.

(4) The remote capabilitie.= of the reactor maintenance,

assembly and disassembly facility (R-:.LAD)were refilled during the

disassembly of expetlmental reactors after _ests in the te_hLloiogy program.

(5) The technology engine XE-P was remotely installed

on Test Stand ETS-I and checked out. _1_eengine was then remotely removed

_nd returned for storage to the engine maintenance, assembly, and disassembly +

• building (E-MAD) until completion of an underground test, after which

the engine was again transported to the test stand, remotely reinstalled,

checked out, and tested. After the test program, the hot engine was

remotely removed from the test stand and returned to E-_2) for disassembly.

Remote engine removal and relnstallation operations at the test stand

interface (involving capabilities o£ making and breaking of fluid couplings_

structural connections and in excess of 3000 electrical connections) were

verified.

-, L
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(6) The turbopump was manually removed and replaced on

i the test stand after partial power engine operation by utilizing test-stand

shielding augmented by porLable shielding.

(7) The turbine block valve was replaced alger a partial

powe£ test.

(8) The capability for remote removal and reinstallatlon

of tileupper thrust structure module " -_0 was developed in E-MAD.

(9) Final remote disassembly and inspection operations

on XE-P in E->_%Dhave provided much expe_ience that will be applicable to

maintaining a hot NERVA e_Lgine after ground testing. F_¢ept for remote

replacement of the UTS)I, the engine was not designed for remote replacement

of components; and the final disassembly could not have been reversed

into reassembly However, it was shown that the operation of the E-)£_D

facility, equipment, and personnel will permit remote ground maintenance

of the NERVA engine.

b. Component Maintenance

The provision for fuEure malntenance of a hot nuclea=

engine at the test site definitely influences current engine design. Malntalna-

billty design makes such maln_enance possible or impossible. Although it

is doubtful tha_ maintenance in space beyond the replacement of the complete

: engine on the stage is justified, remote maln_ena_ce capability during

) ground testing will be a valuable program asset. The E-_[AD facility with ..

its assembly_ disassembly and post-mo_tem bays, equipped with m_Ipulators,

overhead positioning systems, cranes, slings, and other remote maintenance

equipment, was provided for the Technology Program an4 is available for i'

maintenance during the NERVA development and qualification program. Since i_
!

{
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facility and equipment expenditures will be relatively minor, haLdware

cost reductions due to _:aintenaa_:ewill result primarily in program 'i

savings. In addition to reducilxg hard.lare costs, ground _intenance

capabillty can provide tim,_,savings which also represents program savings.

_xe capability to repair a_xengine by replacing components is particularly

effective during the developnm,tt phase when hardware quantities are limited.

After an engine has been oFerated at significant power, any

maintenance internal to the pressure vessel and nozzle would be impractical.

Consequently, remote component replacement capability at the site should

be limited to the turbopumps, valves and actuators, the glmbal, and the

control drum actuators external to the pressure vessel.

Ydctors that should be considered in current engine

design _o facilitate the replacement of components ate as follows:

I. Arrange components, piping, electrical harnesses

and structures to provide optimum accessibility.

2. Avoid loose parts during replacement actlvitles by

designing so parts are captive "o the item being removed.

l

3. Provide for simplicity of motions and attachments

in desi_ing replacement capability. For example, use single axis motion

to separate and install i_ems.

• 4. Keep separation and replacement loads as low as i

practical.

$. _ere possible, avoid a requirement _or s_cial

equipment or tools and minimize through standardization the number ,)£
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i
different tools required to accomplish malntena:_ce operation_. 1

6. ',[inimize the disturbance of parts or components I

that are not being replaced, i

7. Design for m_intenance actions in space should I

consider the problem of excessive shock loads that could result from th=.

initial impact of floating masses as replacement items are brought to the

next assembly for installation. Provisions must be made to avoid contact

at an angle or contact at significant velocity.

8. D_en practical, incorporate methods of ensuring

precise alignment into the design of making parts. For replacing the

engine in space a method such as cascaded guide pins will be requi'ed

to effect gross, close, and precise alignment as the engine is brought

to the vehicle for installation.

c, Modular vs Single-Component Packaging
>

Single component vs modularized component packaging was

examined as a part of this study to determine the degree of modularizatiom

that should be included in the engine design. These were evaluated from

the following standpoint:

Reliability (number of piping joints)

Logistics

Checkout

Dia6_ostic instrumentation

Maintenance problems
z
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Reliability is enhanced by a reduction in the numb,.r of piping

joints that is effected by modularlzation which results in a lower potential

for system leakage.

Logistics does not enter into the evaluation s_nce for either

case, modular or single mount, the total spares would be the same.

Checkout for either ca_e is probably the same although the

installation during a maintenance action of a pre-checked-out medule may

require less engine checkout than that needed following a single component

installation. This possible advantage would stem from elimination of

any interaction effects,

t

Dia_ostie-instruwei_tation considerations _ould favor modularization

because fewer instruments should be required to pinpooint trouble within a

module compared with pinpointing trouble to each component.

Maintenance problems are the most important consideration of these

parameters. It is extremely important during r_intenance work to be able

to remove a component without needing to ._ove or remove other equipment. This

asDect of interlocking interfaces is illustrated in Figures 5 and 6.

L
These figures are overly simplified and are strictly artist's

concepts to illustrate the point. However, Figure 5 illustrates the

difficulty of maintaining a single axis component removal with individual

components and a comparlso= with Figure 6 illustrates how modularization will

eliminate piping Joints.

As a result of this study and engine packaging studies, the

components are grouped for modularlzatlon as follows'

The structural support cooldownmodule consists of the following

components:
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SS3V1

SSBV2

SSCV1

SSCV2

Any interconnecting plumbing as required.

::OTE: The 3S=V's perfora as part of the NSS (Specification

No. CP 677555) but are physically part of this module.

The turbine bypass control valve module consists of the followlng components:

BBV1

BBV2

BCVI

BCV2

Any connecting plumbing as required.

Two TPA modules consist of the following components:

TPA Module #1 TPA ModtLte #2

TPA1 TPA2

TDCVI TDCV2

TBVI TBV2

PDKV1 PDKVI

Any connecting plumbing Any connectin_ pltn_.bLng

as required as required

The cooldown supply med_les consists of the following components:

CSOVl

CSOV2

i:
|.
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: CSCVl _ "

• CSCV2

.Lay connecting plu_ing as required.
t

Single components not included in a module.

PSOVI

PSOV2

3. "!aintenance on tlle Lau._ch Pad

Nuclear-englne maintenance on the launch pad will be very

similar to that for any rocket engine on the launch pad. The engine will

not have been operated at powers that would necessitate working in a

significant radiation environment, and maintenance can be perforw.ed by

normal work crews using standard tools.

It is anticipated that the nuclear ferry vehicle will have

been assembled and checked out prior to installation on the Saturn V system.

It is also reasonable to assume that this installation will have beeu

: checked out prior to launch-pad delivery of the $aturn V system that will !

transport the nuclear ferry vehicle to earth orbit. Because the nuclear

engine will not be fired 'untilafter servicing in earth orbit, it is

doubtful that launch-pad checkout of the nuclear engine would be extensive

enough to reveal faulty operations that went undetected in the earlier

inspections. _owever, to save valuable time during these earlier inspections

and to provide for contingencies on the launch pad, the maintainability

guidelines listed in Paragraph IV.B.2.b. should be incorporated in current

design to reduce the down time resulting from maintenance actions identified

by any of these checkouts.
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C. SAF k'_Y

The capability for satisfying ;,'ERVAengine safety requirements

is unaffected by tile cost t_ -'e-offs evaluated J.n this report and safety

was not a parar_eter in the types of decisions that evolved from this

Trade Study.

Safety will be a r,ost important parameter in the eventual

selection of space maintenance concepts that have been discussed in this

report.

Safety requirements applicable to space maintenance operations

and to the design and qualification of space maintenance facilities and

equipments will be as stringent as those applied to the operational hardware
q

and to mission operations. Dose rates that personnel may encounter during

mainter_nce activJ.ties are discussed in Appendix A.

t
+

1

t

54

...."/+?;_r .

t

1975069904-058



APP I"._I>"A "

AEROJET NUCI.I'.'._d_5¥. _...IS CU,WA_/

SACP_XH_:N'I'O,CALIFORNIA

25 lhrch 1970

TO: W.E. Stephens/A. D. Coruell 7831:(,'A';6?[:JCC;vg "

FR6£1: J.C. Courtney

SUBJECT: Est_z.lte of Post-shutdovn I_RVA Radiation Enviro,ment

COPIES TO: D. Budcn, R. H. Beattle, C. F..Dixon, W. Durkee, R. V. Evletlb .,
E. ,I. C$1chrlst, C. K. Leeper, B. l.klnde]l,I. L. Odgers,

I/. E. Stephens, If. A. Sutter, R. K. S_mln, W. O. Wotmore

ENCLOSUPJ_: (I) Uashielded Sbutdmm Dose Rate Hap

(2) Unshielded Engine Configuration

(3) Shutdown Dose Rate Hap with Engine Disk Shield
(4) Isometric of Side Shield Concept
(5) .Effect cf Side Shield on Dose Rate

(6) Side Shield for Vertical TPA, External TS Engine
Con figuretion

(7) Side ,._.tleldfor Canted TPA, Internal TS Engine

Configure tion

(8) Side Sqlield for }Iorizontal TPA, Internal TS Engine

Configuration

(9) Post Shutdown :_nole Body GarmnaDose r_tes
(I0) G¢_:_-aDose P_xtes from Engine Activation Only

(II) Locations of Detectors

Estimates of the post-shutdown NERVA radiation envlrom_ent were made to

support the maintainability trade study. After ghutdown sources eenslst of
g&w_as from fls_ion products in the reactor core and activated engine components.

It should be pointed out that the activation calculations are quite sensitive to

the types and weights of materials used as well as the spectrum and intensity of

incident neutrons. Accordingly, the activation calculations should be considered

as gross estlm-_tes for a given set of assumptions.

Enclosure (1) presents the garezaadose rates 24 hours after shutdown for a
I_.:V' without the disk shield. These results ere for the configuration shown in

Et, ,osure (2) based on ACC r_,.g1135390. The results would be the same (within the

.accuracy of the calculatlons)for other engine configurations without a disk
shield. Enclosure (3) illustrates the effect of an engine disk shield on the
dose rate contours for_,ard of the core center. Note that thla shield protects

only a very limited vol_e. Because of the closeness of the contours, a small
movement out of the shadow of this shield could cause a marked increase in the

8a_aa dose rate.

Less restricted access to the engine could be attained with an additional

side or clamshell shield that could be moved in place after shutdown. Enclosure

(4) presents an isometric view of this concept. The effect of this type of

_._z..-_'" ' .... : .... .

......... •;-.-.5.X._ |
I ,¢'/ .e ,,.,. , o.--_ I •
I _'_ :" .......... _'_._---_ I -'" ,'
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3.PPE :;DIX ,_

W. E. Stephens/A. D. Cornell - 2 - 25 March I970

shl.eld oa tiledose rate map is seen in Enclosure (5). Side chleld conflgura-
tlo:,s that acco,,_:.,,_datev.orlous engine layouts are _daown in Enclosures (6), (7)

and (8). The weights of these cl-:mshcll shields is .given in Enclosure (9).

Enclosure (9) presents a more co::_pletepicture of the effect of these

shields on the po-t chutdo'cn er,viron,uent. Neutron activatloll of engine compo-

nents above the PVABA (forvard of the pressure vessel dorle) can result in

importat_t sources, lqlec!a-nshell shields around the pressure vessel and nozzle

would have no effect on this source. If the lower part of the engine is shielded,

then the predominant radlatiou source can be the components above the PVA_RA.

_he estitlates of whole body dose given in Enclosure (9) take into account that

the him:an body i.%made up of many point detectors distributed over a vol_me. So

all parts of the body are not in the s::medose rate field.

An attempt to map the activation done rate field Is presented in the next

two enclosures. Enclosure (i0) presents dose rates at the various points shown

in Enclosure (II) for segeral times after shutdo_n from a I0 minute run at full

power. _lese dose rates are from activation g__m_nasfrom those engine components
forward of the pressure vessel donne. That is, there is no contribution from

either activation gamr,ms from engine below the pressure vessel dome or the

fission product gar_nas in the core. lhesc dose rates sre approprlste for point

detectors rather than for human bodies. Detectors 4 and 5, labeled whole body,

• are estimates of dose rate at points appropriate to the location of the torso of

a man if he was working on the turbop_r,p assembly.

J. C. Courtney / ,;
Nuclear Analysis Gro"- up

Engine Systems Dept. :_

Approved:

E. A. Warman, Supervisor
Nuclear Analysis Group
Engine Systems Dept.
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